From its emergence out of organic chemistry and physiology a century ago, the history of biochemistry is one of shifting research agendas. For organic chemists, the questions were those of structure and composition, while for physiologists, they were questions of function. The dynamic biochemistry of the mid-20th century centred on catalysis, energy flow and metabolism. The emergence of molecular biology ('practising biochemistry without a licence') introduced information in place of energy as an organizing cellular principle, but in doing so forgot dynamics. For Crick's Central Dogma, information -signals -flowed in one direction only. Now, proteomics is enabling molecular biologists to rediscover biochemistry once more. Signalling -the processes of communication across space and time -occurs at all biological levels. I will review them, and their potential future. Will the metaphor of signalling provide a new organizing principle, one that recognizes the essentially interactive nature of information flow within metabolic webs?: I discuss first, the conservation of signalling molecules at the cellular level over evolutionary time; secondly, the supracellular level of physiological signalling in multicellular organisms -hormones and neurons; thirdly, supraorganismic signalling and communication -from pheromones to speech; and finally, signalling and reception within and outside the biochemical community -how do we/can we communicate with one another and the rest of the world?
Centenaries provide a moment for contemplation, for looking backwards so that we can more readily look forward. A century ago, and rather specifically in the UK, biochemistry emerged as a distinct discipline from under the shadows of organic chemistry and physiology. Naming, as we know, is important as a way of staking territory, and the Biochemical Journal became the flagship of this new discipline in the UK in a way that The Journal of Biological Chemistry could not in the U.S.A. The history of biochemistry ever since has been one of shifting research agendas. The initial task was to move beyond biochemistry as merely analysisthe purification and identification of, first the smaller organic molecules present within the cell, and later the more complex problems presented by proteins, nucleic acids and lipids. To remind oneself of the magnitude of this task it is sufficient to recall that the very idea of a macromolecule of defined composition was in question well into the 1930s, when the ill-defined 'colloid chemistry' faded gently into physico-chemical obscurity. It is, however, worth thinking about the extent to which today's view of the cell as composed of shifting ensembles of supramolecular complexes with dynamic quaternary structures raises once more the question of how far a purified molecule is an analytical artefact.
What separated biochemistry from its predecessors was its emphasis on dynamics. Enzymes were not merely rather specific catalysts, but catalysts operating within complex metabolic pathways and in tightly controlled environments. Hence Hopkins' superb definition of life as "a dynamic equilibrium in a polyphasic system" [1] . True, metabolic pathways were still considered as linear and reversible -the recognition that anabolism was not exactly the reverse of catabolism plus a minor energetic push, but instead involved distinct mechanisms came much later. The interconnectedness of pathways made the London tube-map version that we used to receive annually courtesy of Messrs Koch-Light increasingly incomprehensible. It took time to recognize that to compute metabolism required more than understanding the K m and V max of each individual enzyme along a pathway: instead one needed Kacser's [2] concept of molecular democracy -later developed by Kauffman [3] into a vision of a self-stabilizing metabolic web involving virtually the entire contents of the cell.
The 1930s saw the emergence of ATP and biochemical energetics. The cell was now to be understood as an energyconverting machine; mitochondria, as all the textbooks taught us, were cellular power stations, converting raw materials into the bankable energy currency of ATP and its creatine phosphate deposit account. This economic analogy persisted through the 1950s, when it was replaced by a newer and more seductive organizing metaphor, derived from the new world of cybernetics. Cells, we were told, no longer dealt in energy, but in information. Nucleic acids, above all, were informational macromolecules. The repository of this information, the manager of the production line of cellular processes, resided in nuclear DNA. To use Crick's tonguein-cheek term, the Central Dogma [4] stated that there was a one-way flow of information from DNA to RNA to protein "Once information has got into the protein, it can't get out again."
Of course, such sweeping claims led to new turf wars. To an older generation of biochemists, molecular biology was an arrogant young upstart, "practising biochemistry without a licence," as Chargaff (quoted in [5] ) put it, and one was entitled to scoff at the bright young physicists entering the field without having done a proper apprenticeship (though scoffing turned sour when they began to corner the research grants. Presumably that's how the physiologists felt earlier, as they were overtaken on the left by biochemists.) There was also an almost unavoidable feeling that what had once been the central feature of biological study, the living organism, was getting lost, becoming a mere tool with which to probe the genes.
When, in the dying years of the last century and after a spectacular two decades of advance, genomics became a passé term, to be replaced by proteomics, some might have imagined that, after an appropriate period of amnesia, molecular biologists were rediscovering biochemistry. My fear is that there remains a static, analytical quality about the concept of proteomics; its practitioners seem still to be neglecting the essential dynamism as the central feature of biochemical thought.
And so to signalling: as an organizing metaphor the term has two features that 'information' lacks. First, it is of its nature dynamic; a process, not a package of bits and bytes. Secondly, signalling is at least a two-way process, involving signaller and receiver, as well as the signal that flows between them. The signaller may transmit a message, but it is the receiver who interprets that message, gives it meaningin-context, and responds in turn, receiver-turned-signaller. There is no space for a master molecule and a one-way flow of information in this view of the world. I would like to suggest that many of the topics studied by biochemistsand indeed by other biologists -over the past century can be re-themed in terms of a duet of metaphors: energetics and signalling. Several have been subjects of detailed discussion at this meeting. Here, I would like to pick out a few themes that seem to me to be fertile areas for present and future study.
The first theme is the conservation of intracellular signalling processes and molecules over evolutionary time. The discovery of the parsimony of biochemical mechanism that underlies the potentially infinite variety of living forms and processes is one of the most extraordinary (yet underrated) of biological discoveries. The near ubiquity with which transient fluxes of Ca 2+ both across membranes and through the cytoplasm serve to modulate metabolic pathways is one such mechanism. Another is the regulatory potential provided by cascades of phosphorylation and dephosphorylation of protein serine and threonine residues. Williams and Frausto da Silva [6] have made a convincing case for both the conservation of chemical mechanisms over evolutionary time and also the steady bringing into biological play of an increasing ranges of available elements.
Once a signalling system has been discovered, so to speak, via the constraints of chemistry, structure and the winnowing processes of natural selection, an immense range of possibilities open out for its utilization. To use a term originally employed by Gould [7] in the context of anatomical structures and physiological processes, there is here an inexhaustible source of exaptations, that is of structures and mechanisms that evolved in one context, being brought into play in others. A beautiful example is provided by the variety of cellular timing mechanisms operated by way of the variety of per and clock genes, which are present in organisms as diverse as Neurospora, Aplysia, Drosophila and humans. The timing mechanisms that engage them perform widely different functions in these different organisms, yet employ basically similar cellular processes.
An essential aspect of life is the capacity to respond appropriately to external contingencies, from finding food to avoiding harm -it used to be called 'irritability' in school biology textbooks. Many unicellular organisms have receptors coupled to motor systems (cilia or flagella), which enable them to detect and migrate along a glucose gradient for example, or away from regions of low pH. These surface receptors, which transduce external signals into the intracellular signalling fluxes described above, will have formed the prototype when, with the invention of multicellularity, the external environment was transformed into intercellular milieu.
Scaling is a fundamental issue within biological processes. Intracellular signalling mechanisms are required to operate over distances and times measured in, at most, a few micrometres and milliseconds respectively. The evolution of multicellularity required the development of a whole new range of signalling mechanisms, which were needed to integrate organismic processes over far greater distances of space and time. The early solution to this problem was the invention of circulation-borne messengers, the hormones, those prototype signalling molecules. Such signals need transmitters (cells specialized in their synthesis) and receptors (cells capable of responding to the signals). Again, this is not a one-way process: transmitter cells need to be capable of modulating the signals they transmit in response to environmental contingencies. Receptor mechanisms characteristically involve membrane proteins coupled to kinases, Gproteins and Ca 2+ flux generators, all becoming enmeshed in the tangled web of cascades that leads to gene activation. The two modes of signal reception -directly, via membrane receptors, and more slowly via genomic activation -would provide a means for distinguishing fast and slow responses to extracellular events. Thus, signals originating extracellularly employ already existing intracellular signalling mechanisms to re-orientate cellular metabolism. Among intracellular signalling agents, amines, peptides, small proteins and steroids were all early discoveries.
Circulation-borne signals have the merit of being able to mobilize responses in a great number of widely spatially separated cells. They are, however, relatively slow and uneconomic in that they lack specificity. The solution that provided more precision was, of course, the development of nervous systems, which were at first, as in Hydra, bi-directional and diffuse, and later, unidirectional and increasingly organized into ganglia and brains. Hormones are public signals; nervous systems provide private 'labelled' pathways. The synapse, the key feature of nervous systems, can be seen as a logical development from already existing hormone-secreting cells. Of course, the many neurotransmitters that are also hormones, or minor modifications thereof, are classical examples of already existing molecules for which novel functions are being found: noradrenaline, 5-hydroxytryptamine (serotonin), neurosteroids, are prime examples of exaptation at work. There is a tendency, especially among non-neurobiologists, to think of nervous systems and brains as composed exclusively of such labelled lines. It would be a mistake to ignore the neuromodulators and growth factors (from NO to brain-derived neurotrophic factor) that operate over very different timescales and which serve to bind together ensembles of neurons to generate the co-operative properties that are an essential feature of brain function.
Of course, to regard living organisms -unicellular or multicellular -as merely receivers and responders to exogenous signals is to misunderstand their essential nature as active players in their own destiny, in seeking and transforming environments. This demands that they transmit as well as receive signals, and to do so posits the existence of other organisms that are capable both of receiving and interpreting the meaning-in-context of the signals. Primary signals were presumably chemical and were transmitted in aqueous media. In air-living rather than water-living organisms, odours in general, and pheromones in particular, would have served as signals. Later, the co-evolution of sound-producing and auditory detection systems provided an additional range of more-or-less subtle signals, from frog croaks to bird songs, and to the range of warning signals (from snakes, eagles etc.) that are available to some primates.
With this, we arrive at what Pavlov called the "second signalling system" -human language -the most detailed, profound and subtle signalling system in our known universe. Without language, many argue, human consciousness would be impossible; complex human societies could certainly not have emerged. Indeed language is unique to humansnothing comparable exists in any other species. Universally, barring neurological damage, over the first 2-3 years of life, human babies develop complex grammatical speech. Language transcends and supersedes all other signals between humans, albeit visual and pheromonal signals, some occurring below the level of conscious awareness, still function. Current theories suggest that language emerged in a sort of evolutionary burst, along with cave painting and other evidence of human creativity, some 50 000+ years ago, without any obvious associated change in brain structure or capacity. Is this a cause or consequence of neoteny, social living, or symbolic manipulation? Take your pick from a variety of more-or-less convincing scenarios [8] [9] [10] .
The arrival of language was linked with the development of culture, which was something totally new in the living world. Up until then, communication and signalling could occur only between individuals who were contemporaneously alive and spatially close. But now, humans could begin to communicate not merely across vast distances, but also between generations separated in time. Oral and then written traditions began to make history possible. Unlike any other species, our human history shapes our present, culturally, socially, technologically and politically; we are no longer formed merely by evolution and development.
I hope I have said enough, albeit superficially, to convince you of the huge power of signalling as an organizing metaphor for our theory and scientific practice. I will end therefore with one final thought: scientists are increasingly under pressure to communicate better, not merely with one another, but also with the lay public -and we are all lay public for areas of knowledge outside our own narrow fields of expertise. Following the Bodmer report, 'The public understanding of science' became a sort of mantra, an attempt intended to reduce the perceived 'distrust' and 'ignorance' of 'science' by large sections of the public. We should not underestimate the importance of this problem, even if its early formulations were crude and patronizing. The thrust of this article, however, has been to emphasize that the metaphor of 'signalling', unlike that of 'information', is essentially interactive, not uni-directional. Hence, 'the public understanding of science' must be coupled with 'the scientist's understanding of the public' if we are to begin to appreciate the significance of our own metaphors in 'signalling the future'.
